Introduction {#s0001}
============

Subdermal glioblastoma multiforme (GBM) is one of the most malignant and invasive tumors in the adult central nervous system and accounts for approximately 50% of all intracranial tumors.[@cit0001]--[@cit0003] Although current surgical resection methods are feasible with a combination of radiotherapy or chemotherapy, the median survival is only about 1 year.[@cit0004] Viral genes and proteins are detected in a high percentage of both high-grade and low-grade gliomas.[@cit0005] Further, multiple reports confirm that human cytomegalovirus (HCMV) gene and protein expression is detected in \>90% of GBM cells but not adjacent normal brain or other neuropathologies, suggesting a potential link between glioma and HCMV infection.[@cit0006],[@cit0007] Brain as the preferred site of HCMV infection, which can lead to abnormal differentiation of neural stem cells or inhibit the differentiation to normal astrocytes.[@cit0008],[@cit0009] Meanwhile, HCMV infection also induces glioma stem cell (GSCs) phenotype, which expresses the same marker CD133 as neural stem cells. HCMV infection leads to increased expression of GSCS markers (Sox2, Notch1, Nestin, Oct4) such as CD133, and inhibits the differentiation of GCSCs.[@cit0010] HCMV infection is persistent worldwide; it causes lifelong infection in 40--90% of adults.[@cit0011] Increasing reports about the specific expression of HCMV in human malignant tumors suggest the possibility that HCMV may be beneficial to tumor progression.[@cit0012] Immediate-early (IE) genes are the first viral genes activated after HCMV infection. IE86 is a strong transactivator produced by viral and cellular gene expression that interacts with cellular transcription factors.[@cit0017] It can be involved in viral and cellular promoter repression through positive or negative regulation. Furthermore, the expression of IE86 is also related to the expression of activating transcription factor 5(ATF5), P300, and acetylated histones, indicating that the overexpression of the HCMV IE86 protein is correlated with malignancy and histone acetylation in glioma.[@cit0013],[@cit0014]

Interferons (IFNs) are cytokines induced after viral infection.[@cit0023] They can induce the expression of mucovirus protein A, a cytoplasmic GTPase with antiviral activity, which plays a vital role in protecting cells from viral infection.[@cit0024] Interleukin (IL)-6 is a regulator of the host innate and humoral immune responses. IL-6 is also induced during viral infection, including HCMV infection.[@cit0025]--[@cit0027] Interestingly, IFN-β and IL-6 are expressed in glioblastomas and play an important role in tumor proliferation and migration.[@cit0023],[@cit0028]

The presence of stromal cells in the tumor microenvironment is one of the main reasons for the high recurrence rate in glioma. Macrophages, one of the stromal cells in glioma, can release the chemokines CCL5 and CCL2 to guide monocytes, macrophages, and mesenchymal stem cells to infiltrate into tumors and participate in tumor proliferation and migration. In addition, when IL-6, IFN-β, and other inflammatory factors are highly expressed in macrophages, the transformation from M1-type to M2-type can be accelerated, which exacerbates the infiltration of macrophages into the tumor.

Allicin (2-propene-1-sulfinothioic acid S-2-propenyl ester) is a compound extracted from freshly crushed garlic. Due to its unique antibacterial and anti-inflammatory effects, it may have pro-apoptotic ability, suggesting its use as a cancer therapy.[@cit0015]--[@cit0017] The anticancer effects of allicin have been examined in vitro in lung cancer, hepatocellular carcinoma, gastric cancer, and breast cancer cell lines.[@cit0018]--[@cit0020] Although it is known that allicin-induced glioma cell apoptosis is regulated by MAPK/ERK-dependent pathways,[@cit0021],[@cit0022] the efficacy of allicin for treating glioblastoma has not yet been examined.

We hypothesized that overexpression of IFN-β and IL-6 in glioblastoma is due to HCMV infection and that allicin could treat glioblastoma by reducing inflammatory factors released by its unique anti-inflammatory and antiviral mechanisms. Therefore, the purpose of this study was to elucidate the effect of allicin on the proliferation of U87MG glioblastoma cells, specifically examining inflammatory cytokines and macrophages. We also examined whether allicin can inhibit proliferation and increase the sensitivity of glioblastoma cells to radiotherapy in vitro.

Materials and Methods {#s0002}
=====================

Immunohistochemistry {#s0002-s2001}
--------------------

Paraffin-embedded glioblastoma sections were provided by the Department of Pathology at the Second Affiliated Hospital of Wenzhou Medical University. The paraffin sections were heated at 60°C for 2 hours and then incubated in 100% xylenes for 5 minutes for dewaxing; this process was repeated twice. Slides were then rehydrated in an ethanol gradient (100%, 75%, 50%, and 0% ethanol) for 5 minutes. The specimens were then placed in 100°C sodium citrate buffer (pH = 6) and microwaved for 45 minutes for antigen repair. The endogenous peroxidase activity was blocked with 1% hydrogen peroxide solution, and slides were washed three times in phosphate-buffered saline (PBS) (pH = 7.2). The slides were incubated at 37°C for 1 hour, at which point they were incubated with primary antibody (anti-IE2, Millipore, 1:100). Goat serum was applied for 2 hours. A mouse two-step test kit (PV-9002, ZSGB-BIO) was combined with the secondary antibody for 30 min, and then DAB (Solarbio, China) was added for 10 min. The slides were then washed with water to stop the reaction, dehydrated in an alcohol gradient, and placed in xylenes to increase transparency. This study obtained the written informed consent of the patients.

Cell Culture {#s0002-s2002}
------------

U87MG and THP1 (Bnbio, Beijing, China) cells were grown in DMEM medium (Gibco) supplemented with 10% heat-inactivated fetal bovine serum (Gibco). Cells were seeded in Petri dishes in a 5% humidified incubator at 37°C. The cells were cultured for 2--3 days until confluence, trypsinized, and seeded in 6-well or 96-well tissue culture plates. The serum was removed from the culture medium for 1--2 days before adding various reagents.

Transfection of pEGFP/IE2 Expression Plasmid {#s0002-s2003}
--------------------------------------------

U87MG and THP1 cells were seeded in 12-well culture plates and cultured to 90% confluence with fresh medium. The pEGFP/IE2 plasmid was then transfected into U87MG and THP1 cells using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The treated cells were compared with cells transfected with pEGFP/IE2. The expression of IE2 was monitored by Western blot analysis 48 hours after transfection.

Western Blot Analysis {#s0002-s2004}
---------------------

Cells were lysed on ice with RIPA buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 2 mM PMSF, 0.05 mM Gasstatin A, 0.2 mM Leupeptin) and washed with PBS. The lysate was centrifuged at 12,000 rpm for 10 minutes at 4°C. Fifty micrograms of protein was boiled in reduced SDS loading buffer, and the samples were loaded on a 10% SDS-polyacrylamide gel for electrophoresis and transferred onto an Immobilon PVDF membrane (Millipore). After blocking with 5% skim milk for 2 hours at 37°C, the membrane was incubated with the antibody against IE (Millipore) at 4°C overnight, washed, and then incubated with a horseradish peroxidase-conjugated secondary antibody. ECL was used to detect immunoreactive protein.

MTT Assay {#s0002-s2005}
---------

U87MG cells were seeded in 96-well plates at 500 cells per well and treated with allicin. After allicin treatment, cells were washed with PBS and incubated with DMEM containing 0.5 mg/mL MTT \[3- (4,5-dimethylthiazole) −2-yl\] −2,5-diphenyltetrazole bromide\] for 2 hours at 37°C. The medium was removed, and DMSO was added. Cell viability was evaluated by measuring absorbance at 570 nm with 680 microplate reader (microplate reader) (Germany).

Reverse Transcription-Quantitative Polymerase Chain Reaction {#s0002-s2006}
------------------------------------------------------------

RNA from U87MG cells treated with allicin was isolated using TRIzol reagent (Solarbio, China). The Bio-Rad real-time PCR system (Hercules, CA, USA) was used for PCR. Thermal cycling conditions were as follows: 95°C for 30 seconds, then 40 cycles at 95°C for 5 seconds, 60°C for 30 seconds, and 72°C for 15 seconds. The following primers were used for PCR: *IL-6* (F: 5ʹ-ACAACCACGGCCTTCCCTACTT-3ʹ, R: 5ʹ-CACGATTTCCCAGAGAACATGTG-3ʹ), *IFN-β* (F: 5ʹ-ACGCCGCATTGACCATCTAT-3ʹ, R: 5ʹ-GTCTCATTCCAGCCAGTGCT-3ʹ), *IE2* (F: 5′-GCGCAATATCATGAAAGATAAGAACA-3′, R: 5′-GATTGGTGTTGCGGAACATG-3′), *TP53* (F: 5′-CGCCTGAGGTTGGCTCTGACTGTA-3′, R: 5′-GTCTCTCCCAGGACAGGCACAAAC-3′), and *GAPDH* (F: 5ʹ-GCTCCTCCT-GTTCGACAGTCA-3ʹ, R: 5ʹ-ACCTTCCCCATGGTGTCTGA-3ʹ). The SYBR PrimeScript RT-PCR kit (Takara, Bio, Inc., Otsu, Japan) was used to assay the *IL-6* and *TNF-β* mRNA expression levels. Relative expression levels were analyzed using the 2^−ΔΔCq^ method.

ELISA {#s0002-s2007}
-----

U87MG cells were seeded on 12-well plates 12 hours before the experiment and treated with or without allicin at a concentration of 60 mg/mL. After 24 hours, the supernatant was collected and centrifuged at 10,000 rpm and 4°C for 10 minutes. The IFN-β and IL-6 concentrations were measured using a quantitative ELISA kit according to the manufacturer's instructions (MultiSciences, Hangzhou, China).

Single Cell Gel Electrophoresis (Comet) Assay {#s0002-s2008}
---------------------------------------------

Cells were grown in an incubator for 6 hours, then irradiated with 10 Gy irradiation (dose rate: 1.1 Gy/min) using a CHF 320 G generator (Gilardoni, Mandello del Lario, Italy). After irradiation, the cells were thoroughly washed three times with sterile PBS and incubated with a 0.25% trypsin solution for 4 minutes at 37°C. After termination of digestion, cells were centrifuged at 200 g, then 20 μL of the cells was combined with 180 μL of 0.7% low-melting point agarose in PBS without Ca or Mg and immediately transferred to ground glass slides precoated with 1% normal-melting point agarose in PBS. The coverslips were stored at 4°C to solidify the agarose. Then, the coverslips were placed in an alkaline lysis buffer (1% Triton X-100 and 10% dimethyl sulfoxide) for 45 minutes at 4°C in the dark. After lysis, the slides were washed with running buffer (1 mM Na~2~EDTA and 300 mM NaOH, pH = 13) for 10 minutes and then placed in a horizontal electrophoresis device containing the same running buffer for 20 minutes. DNA was fixed in 4°C PBS for 15 min. Subsequently, the slides were gently washed in a neutralization buffer solution for 5 minutes (0.4 M Tris-HCl, pH = 7.5), dehydrated through an ethanol series (70%, 85%, and 100%), dried at room temperature, and stored. For microscopic analysis, slides were stained with 2 mg/mL ethidium bromide in distilled water. Unless otherwise stated, all chemicals were purchased from Solarbio (Beijing, China).

Statistical Analysis {#s0002-s2009}
--------------------

Experimental data are expressed as mean ± standard error from three replicates. The statistical difference between allicin treatment and vehicle treatment was compared by paired *T* test. Statistical software SPSS 21.0 (SPSS, Inc. USA) was used to analyze statistical differences between groups using ANOVA. GraphPad Prism (Version 7.0; GraphPad Software, Inc. USA) was used to produce the graphics. Statistical significance was defined as P \< 0.05.

Results {#s0003}
=======

IE2 Promotes Proliferation and Inflammatory Cytokine Expression in U87MG Cells {#s0003-s2001}
------------------------------------------------------------------------------

Immunohistochemistry was used to confirm the presence of HCMV proteins in patient glioma samples ([Figure 1A](#f0001){ref-type="fig"}). IE2 was expressed in paraffin-embedded sections from glioma patients but not in peritumoral tissues. We then used the U87MG glioma cell line to determine whether HCMV infection affects the expression level of inflammatory cytokines in glioma cells. There was decreased p53 and IE2 expression ([Figure 1B](#f0001){ref-type="fig"}) and increased *IL-6* and *IFN-β* mRNA expression in HCMV-infected glioma cells ([Figure 1D](#f0001){ref-type="fig"} and E). MTT assay showed that IE2 transfection could promote the proliferation of glioma cells ([Figure 1C](#f0001){ref-type="fig"}). Therefore, our results demonstrate that HCMV is present in glioma tissues and IE2 expression can increase the malignancy of gliomas by affecting the expression of p53, IL-6, and IFN-β.Figure 1IE2 promotes U87MG cell proliferation and expression of inflammatory cytokines. (**A**) Representative images of human glioma tissues showing the pattern of IE2 expression. Peritumoral tissues do not show IE2 expression. The immunohistochemical staining for IE is marked by arrows. Scar bar=400um. (**B**) Protein expression level of p53 after transfection of IE2. (**C**) MTT assay shows the proliferation of U87MG cells after transfection of IE2, \*P\<0.05 vs pcDNA3.1. (**D** and **E**) After transfection of IE2 for 48h, the expression of IL-6 and IFN-β mRNA in U87MG cells, \*\*P\<0.01 vs pcDNA3.1. n=3.**Abbreviations:** IE2, intermediate-early gene 2; IL-6, interleukin-6; IFN-β, interferon-β.

High Concentrations of Allicin Reduce IE2 Protein Expression {#s0003-s2002}
------------------------------------------------------------

We treated U87MG cells with a concentration gradient of allicin (10 μg/mL, 30 μg/mL, and 60 μg/mL) to determine the optimal concentration. Although the lower concentrations (10 μg/mL and 30 μg/mL) of allicin were able to decrease IE2 protein expression in U87MG cells, the higher allicin concentration (60 μg/mL) caused the largest decrease in IE2 levels ([Figure 2A](#f0002){ref-type="fig"}). These results were also validated at the mRNA level ([Figure 2B](#f0002){ref-type="fig"}). Therefore, all subsequent experiments used 60 μg/mL allicin.Figure 2High concentrations of allicin reduce IE2 protein expression. U87MG cells transfected with IE2 plasmid were treated with a concentration gradient of allicin (10 µg/mL, 30 µg/mL, and 60 µg/mL). (**A**) Expression of IE2 protein levels in U87MG cells after treated with a concentration gradient of allicin. (**B**) The detection of *IE2* mRNA in U87MG cells by RT-qPCR, \*P\<0.05 and \*\*P\<0.01 vs control. Data are presented as the mean ± standard deviation of three independent experiments.**Abbreviations:** IE2, intermediate-early gene 2; RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

Allicin Inhibits the Proliferation of U87MG Cells {#s0003-s2003}
-------------------------------------------------

MTT assay was used to assess the impact of allicin on the proliferation of U87MG cells. When treated with a specific allicin concentration (60 μg/mL), U87MG cell proliferation was decreased in a time-dependent manner ([Figure 3](#f0003){ref-type="fig"}).Figure 3Allicin reduces proliferation in U87MG cells. The viability of U87MG cells treated with 60 µg/mL allicin for 7 days was measured using an MTT assay \*P \< 0.05 vs pcDNA3.1, ^\#^P\<0.05 and ^\#\#^P\<0.01 vs pIE2. Data are presented as the mean ± standard deviation of three independent experiments.

Allicin Reduces IE2 and P53 Protein Expression in U87MG Cells {#s0003-s2004}
-------------------------------------------------------------

According to a previous study, IE2 can directly bind to p53 and increase its expression.[@cit0029] Therefore, we performed Western blotting to assess p53 and IE2 protein expression in cells treated with allicin. After treatment with 60 μg/mL allicin, the p53 levels increased significantly and the IE2 levels decreased ([Figure 4A](#f0004){ref-type="fig"}). Further analysis by RT-qPCR showed that the changes in *TP53* and *IE2* mRNA were statistically significant ([Figure 4B](#f0004){ref-type="fig"} and [C](#f0004){ref-type="fig"}). Combined with the previous MTT assay, these results indicate that allicin may increase p53 expression by reducing IE2 protein levels, thereby inhibiting the proliferation of glioma cells.Figure 4Allicin reduces IE2 and increases p53 protein expression in U87MG cells. U87MG cells were treated with 60 µg/mL allicin for 48 h. (**A**) Protein expression level of IE2 and p53 with transfected the IE2 plasmid and treated by allicin. (**B**) The p53 mRNA expression after transfected the IE2 plasmid and treated by allicin in U87MG cells, \*\*P\<0.01 vs pcDNA3.1 in control group, ^\#\#^P\<0.01 vs pcDNA3.1 in allicin group. (**C**) The IE2 mRNA expression was detected after treated with 60 µg/mL allicin, \*\*P\<0.01 pIE2 in allicin group vs pIE2 in control group. n=3.**Abbreviation:** RT-qPCR, reverse transcription-quantitative polymerase chain reaction.

Allicin Reduces Inflammatory Responses in HCMV-Infected Glioma Cells {#s0003-s2005}
--------------------------------------------------------------------

RT-qPCR results showed that allicin regulates inflammatory cytokines in glioma cells. Allicin did not significantly decrease *IL-6* or *IFN-β* in U87MG cells that did not express IE2. In contrast, in glioma cells with overexpression of IE2, the expression of *IL-6* and *IFN-β* was increased, and allicin had a significant inhibitory effect on the expression of these two inflammatory factors ([Figure 5A](#f0005){ref-type="fig"} and [B](#f0005){ref-type="fig"}). In addition, we found that the release of the proinflammatory cytokines IFN- and IL-6 decreased after treatment with allicin ([Figure 5C](#f0005){ref-type="fig"} and [D](#f0005){ref-type="fig"}). These data show that allicin is effective in preventing the release of inflammatory cytokines.Figure 5Allicin reduces IL-6 and IFN-β expression in glioma cells. (**A** and **B**) *IL-6* and *IFN-β* mRNA expression levels were detected after treatment with 60 μg/mL allicin for 48 h, \*\*P \< 0.01 vs control. (**C** and **D**) The protein levels of IL-6 and IFN-β in the culture supernatant were measured with ELISA. \*\*P \< 0.01 vs control. n=3.**Abbreviations:** IE2, intermediate-early gene 2; IL-6, interleukin-6; IFN-β, interferon-β; ELISA, enzyme-linked immunosorbent assay.

Allicin Increases the Sensitivity of Glioma Cells to Radiotherapy {#s0003-s2006}
-----------------------------------------------------------------

Comet assay was used to assess DNA damage of U87MG cells after radiotherapy. Little DNA damage was observed in untreated U87MG cells or cells treated with allicin or radiotherapy alone. The results suggested that glioma cells were resistant to radiotherapy. However, U87MG cells treated with allicin and 10 Gy irradiation had increased intracellular DNA damage ([Figure 6](#f0006){ref-type="fig"}).Figure 6Allicin promotes the radiosensitization of glioma cells. Untreated or single agent-treated (allicin or radiotherapy, and U87MG cells showed little DNA damage). U87MG cells treated with allicin and radiation therapy had intracellular DNA damage. n=3.

Effect of Allicin on Macrophage Differentiation {#s0003-s2007}
-----------------------------------------------

We transfected IE2 plasmid into macrophages and treated them with allicin and observed results similar to those in glioma cells ([Figure 7](#f0007){ref-type="fig"}). IE2 promoted *IL-6* and *IFN-β* mRNA and inhibited p53 expression in macrophages, as well as enhanced proliferation ([Figure 8A](#f0008){ref-type="fig"} and [B](#f0008){ref-type="fig"}). After treatment with allicin (60 μg/mL), *IL-6* and *IFN-β* mRNA expression in macrophages decreased ([Figure 8C](#f0008){ref-type="fig"} and [D](#f0008){ref-type="fig"}), whereas the p53 protein and mRNA levels increased ([Figure 7D](#f0007){ref-type="fig"} and [E](#f0008){ref-type="fig"}). IL-6 and IFN-β secretion were also reduced (Fig. E and F). Further, the proliferation of macrophages was inhibited, and the sensitivity to radiotherapy was enhanced with allicin treatment ([Figure 9](#f0009){ref-type="fig"}). This suggests that allicin reduces the level of intracellular inflammatory factors into macrophages.Figure 7Effect of allicin on macrophage differentiation. (**A**) The expression of IE2 and p53 protein after cotransfection of pEGFP/IE86 plasmid in THP1 cells. (**B**) THP-1 cells transfected with IE2 plasmid were treated with a concentration gradient of allicin (10 µg/mL, 30 µg/mL, and 60 µg/mL). Western blot shows the IE2 protein levels at all concentration. (**C**) RT-qPCR showed the treatment effect of allicin on IE2 protein, \*P\< 0.05, \*\*P \< 0.01 vs control. (**D**) THP-1 cells were treated with 60 µg/mL allicin for 48 h, the expression of IE2 protein levels and the p53 levels in THP-1 cells. (**E**) The p53 mRNA expression was detected by RT-qPCR after treated with 60 µg/mL allicin, \*\*P\<0.01 vs pcDNA3.1 in control group, ^\#\#^P\<0.01 vs pcDNA3.1 in allicin group. (**F**) The IE2 mRNA expression was detected by RT-qPCR after treated with 60 µg/mL allicin \*\*P\<0.01 vs pIE2 in control group. (**G**) MTT assay showing that after transfection of IE2, the proliferation of THP-1 cells, \*P\<0.05 vs pcDNA3.1, (**H**) Treated with 60 µg/mL allicin, MTT assay showing proliferation of macrophages after treatment, \*P \< 0.05 vs pcDNA3.1, ^\#^P\<0.05 vs pIE2+allicin. n=3.Figure 8Allicin reduces inflammatory responses in HCMV-infected glioma cells. (**A** and **B**) After transfection of IE2, the expression of IL-6 and IFN-β mRNA in THP-1 cells were detected by RT-qPCR, \*\*P \< 0.01 vs control. (**C** and **D**) *IL-6* and *IFN-β* mRNA expression levels were detected after treatment with 60 μg/mL allicin for 48 h. \*\*P \< 0.01 vs control. (**E** and **F**) The release of IL-6 and *IFN-β* protein expression in THP1 cells detected by ELISA. \*\*P \< 0.001 vs control. n=3.Figure 9Untreated or single agent-treated (allicin or radiotherapy), the THP-1 cells showed no DNA damage. While given the treatment both of allicin and radiation therapy had intracellular DNA damage. n=3.**Abbreviations:** IE2, intermediate-early gene 2; WB, Western blot; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; IL-6, interleukin-6; IFN-β, interferon-β; ELISA, enzyme-linked immunosorbent assay.

Discussion {#s0004}
==========

Overall, our results showed that allicin could effectively inhibit the proliferation of U87MG glioma cells. Allicin inhibited the expression of the inflammatory cytokines IL-6 and IFN-β in glioma cells and macrophages and increased the expression of p53 at the protein level, thereby inhibiting the proliferation of glioma cells. Future studies should evaluate allicin as a new antitumor agent in the treatment of glioma.

Glioblastoma is one of the most common invasive brain cancers. Most patients have a poor prognosis, with an average 1-year survival time.[@cit0030] Although many new medicines for glioblastoma have been discovered, most current treatments are ineffective and have serious side effects.[@cit0031] There is increasing evidence that HCMV plays an important role in promoting the formation of GBM and its malignant biological behaviors by increasing the expression of inflammatory factors in tumor cells.[@cit0032],[@cit0033] Therefore, it has become a major research direction to identify anticancer and antiviral drugs from gene therapy, biological therapy, and natural foods for the treatment of GBM.[@cit0034] Allicin, a sulfur-derived compound in garlic, has antiviral and anticancer effects. However, the mechanism of its action remains unclear.[@cit0035],[@cit0036] Previous studies have shown that allicin has therapeutic effects on influenza virus and herpes virus.[@cit0037],[@cit0038] In addition, allicin can reduce the risk of the development of cancers such as melanoma and leukemia, inhibit the growth of a variety of cancer cells, and may be an important anticancer agent.[@cit0020],[@cit0039],[@cit0040] Therefore, allicin has the potential to inhibit the proliferation of GBM.

The main findings of this study are the optimal dose of allicin in reducing IE2 expression in U87MG glioma cells infected with HCMV and the inhibitory effect of allicin on these cells. The effect of allicin on intracellular inflammatory cytokines in U87MG cells infected with HCMV was dose-dependent ([Figure 2](#f0002){ref-type="fig"}). In addition, the antiviral effect of allicin on cytomegalovirus was also verified at the protein and mRNA level.

We found that allicin could reduce the level of IE2 protein in U87MG cells and further increase the expression of p53. Previous molecular and cytogenetic studies have provided compelling evidence that intracellular accumulation of p53 not only inhibits proliferation of cancer cells but also induces apoptosis.[@cit0041],[@cit0042] The HCMV IE2 protein plays an important role in p53 induction and transcriptional regulation of *TP53* during HCMV infection. Part of the reason that IE2-86 inhibits the transcriptional activity of p53 may be that IE2-86 directly binds to the *TP53* promoter and inhibits its transcription.[@cit0029],[@cit0043]

We confirmed that allicin could reduce the inflammatory response of U87MG cells by downregulating *IL-6* and *IFN-β*. Allicin could also inhibit cell proliferation. IL-6 may promote the proliferation, migration, and invasion of GBM by inducing STAT3 activation and downstream signaling.[@cit0044],[@cit0045] The decreased expression of *IFN-β* and *IL-6* with allicin treatment suggested that allicin could inhibit HCMV activity and reduce the malignant degree of GBM.[@cit0046],[@cit0047] Allicin also inhibited the expression of IL-6 and IFN-β in macrophages, which could inhibit the protumor features of M2 macrophages, as well as their differentiation.[@cit0048] Therefore, allicin may reduce immunosuppressive tumor-supporting macrophages in GBM, thereby inhibiting tumor proliferation.[@cit0049]

Another interesting finding in this study was that allicin increased the sensitivity of glioma cells to radiation. There is increasing evidence that radioresistance is the main cause of limited therapeutic effect in glioma patients. Moreover, a number of trials examining immunotherapy in glioma have shown promise.[@cit0050] However, radiotherapy induces profound immunosuppression, which adds to that induced by the disease itself and by steroid administration,[@cit0051] and therefore immunotherapies may not be beneficial in this context. The comet assay suggested that allicin had a radiosensitization effect on glioma cells. Therefore, a lower dose of radiotherapy might be able to elicit the antitumor immune responses. This radiosensitization may be due to allicin inhibiting the NF-κB signaling pathway in glioma cells.[@cit0052]

Allicin also inhibited proliferation in U87MG cells. This is likely because allicin reduced the level of IE2 protein and increased the expression of p53. Allicin also inhibited the expression of the inflammatory cytokines *IL-6* and *IFN-β* in glioma cells. Additionally, allicin reduced the expression of IL-6 and IFN-β in macrophages. These results suggest that allicin can achieve an anti-tumor effect in glioma by blocking HCMV IE2, reducing the level of intracellular inflammatory factors (IFN-β and IL-6), and inhibiting macrophage infiltration. These specific targets may provide new ideas for future research in glioma treatment.

However, this study has several limitations. First, it was observed that allicin could reduce IE2 protein and *IL-6* and *IFN-β* mRNA levels in HCMV-infected gliomas, thereby inhibiting the proliferation of glioma cells. However, the internal molecular mechanism was not further explored, and the possible mechanism was only clarified through existing studies. Second, only U87MG cells were used. In subsequent studies, more glioma cell lines, such as U-251 or GL-261, should be examined. Animal studies should also be performed to assess the efficacy of allicin in vivo.

Conclusion {#s0005}
==========

In summary, this study confirmed that allicin can inhibit the viability of HCMV-infected U87MG glioma cells and inhibit cell proliferation by inhibiting the inflammatory response. Allicin also downregulated the inflammatory cytokines IL-6 and IFN-β. Therefore, allicin should be considered as a new therapeutic drug for GBM, and the importance of antiviral therapies in the treatment of GBM should be examined. The exact molecular mechanism of proliferation inhibition induced by allicin and the antitumor effect of allicin in vivo remain to be further investigated.
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